Introduction

56
Japan is a typical volcanic country, where volcanic ash soil formed from deposits of 57 volcanic material such as ash is widely distributed (Shindo et al., 2004) . Many such 58 soils have very thick and dark A horizons with significant amounts of black humic acids 59 (HAs) that are major components of the humic material (Kumada, 1987; Shindo and 60 Honma, 2001) . Black HAs are often characterized by extremely high aromatic and 61 stable structures (turbostratic structure; Yanagi et al., 2002 Yanagi et al., , 2003 , such as black carbon 62 (Kumada, 1987; Shindo et al., 1986; Shindo and Honma, 2001 ). The mechanisms of 
Golchin et al. (1997) reported an interesting phenomenon that occurs in typical
66
Japanese volcanic ash soil. During ca. 100 years of natural reforestation from pampas 67 grassland to deciduous broad-leaved forest via pine forest, dark A horizons were 68 decolorized. In addition, 13 C cross-polarization/magic-angle-spinning nuclear magnetic 69 resonance (CPMAS NMR) spectroscopy analyses of bulk soil and HAs show that the 70 aromatic C peak area decreases while the alkyl C peak area increases. We also 71 performed quantitative analysis and characterization of humic fractions using 72 liquid-state 13 C NMR spectroscopy at the same study site as that used by Golchin et al.
73
(1997). We found that the change in quantity and quality of soil organic matter (SOM) 74 that occurs with natural reforestation is caused specifically by the transformation of HA 75 fractions (Iimura et al., 2010 Liquid-state 13 C NMR spectra were recorded with an NMR spectrometer (Avance 195 500, Bruker GmbH, Karlsruhe, Germany) using sample tubes with 5 mm in diameter.
196
Samples (ca. 30-50 mg) were dissolved in 0.4 ml of 0.5 mol l -1 NaOD in D 2 O.
197
Chemical shifts were referenced to sodium 3-trimethylsilylpropionate-2,2,3,3-D 4 (TSP;
198 Euriso-top, Saint Aubin, France). To obtain quantitative conditions for integration of the 
Results and discussion
Dynamics of isotopic ratios and their relationship with degree of darkness
217
For all sites, the δ 13 C value for each size-separated HA fraction increases with δ 15 N 219 value, although the gradient of the trend differs according to molecular size ( Fig. 1 ).
220
The δ 13 C: δ 15 N ratios at each site are generally as follows: data for site G Fr. 1-4, site P
221
Fr. 1-5, and site Q Fr. 1-6 fall along the 1:3 line and data for site G Fr. 5-10, site P Fr. HA, components that generally fall along the 1:1 line may be more resistant to 229 microbial attack than those that fall along the 1:3 line.
230
The values of maximum peak molecular weight (Mp) and weight-averaged 231 molecular weight (Mw) for size-separated HA fractions clearly decrease with Fr.
232
number for all sites (Table 2) . We therefore categorized Fr. 1-4 of site G, Fr. 1-5 of site 233 P, and Fr. 1-6 of site Q as higher-molecular-size fractions and Fr. 5-10 of site G, Fr. 6-10 of site P, and Fr. 7-10 of site Q as lower-molecular-size fractions based on the 235 δ 13 C: δ 15 N ratio, Mp, and Mw within the same HA.
236 Table 3 shows the carbon content C derived from C3 and C4 plants for (Table 3) . These values for the lower-size fractions of each HA correlate positively with
242
A 600 /C values: r = 0.73 at site G, r = 0.77 at site P, and r = 0.91 at site Q (Fig. 2) . In derived from C4 plants of the lower-size components (site G 2.9 C g kg −1 , site P 2.4 C g 256 kg −1 , site Q 0.8 C g kg −1 ) decrease much more during natural reforestation than do the 257 estimated C derived from C3 plants (site G 2.9 C g kg −1 , site P 2.2 C g kg −1 , site Q 2.1 C 258 g kg −1 ), particularly from site P to site Q (Table 3) .
259
In the long term (ca. 100 years), invasion of woody vegetation (C3 plants) into during reforestation, in contrast to the case for C4-plant-derived C (Fig. 2 and Table 3 ). forests across all size fractions during long-term reforestation.
270
The variation in Δ 14 C value with molecular size shows a similar trend for all HAs:
271 first decreasing as molecular size increases from small to medium, then increasing as 272 molecular size increases from medium to large (Table 3) . Based on our data for A 600 /C, Table 3 ). In addition, the Δ 14 C values of size fractions in both 278 forest sites (sites P and Q) showed clearly higher values than those of site G (Table 3) . reforestation even in the lower-size fractions, particularly in the earlier stages of reforestation (from site G to P) ( Table 3 ). The reasons for this are discussed along with and O-alkyl C and alkyl C contents are relatively low (Table 4 ). In contrast, for sites P 295 and Q, total aryl C content decreases with increasing molecular size, whereas O-alkyl C
296
and alkyl C contents are more similar to those at site G ( 1996). Overall, our measured C:N ratios are lower (Table 3) and aliphaticity is higher 321 (Table 4) for size fractions at site P than for those at site G, suggesting that microbial 322 activity is higher at site P than at site G.
323
This change in the microbial activity may reflect the difference in the chemical O-alkyl C content (e.g., carbohydrate C) and aliphaticity is higher for size fractions 341 from site Q than for those from site G, even in lower-size fractions, as shown for site P 342 (Table 4 ). In addition, A 600 /C values and C4-plant-derived C content for lower-size 343 fractions are clearly lower for site Q than for sites G and P (Fig. 2) 
